Infrared photodissociation spectra of the mixed complexes C2H4-CH&!OCH3 and C,H,-(CHsCOCHs), have been observed after size selecting them by scattering from a helium beam combined with mass spectrometric detection. The excitation of the VT-out of plane symmetric wagging mode of ethene near its gas phase frequency at 949.3 cm-' with a cw-CO2 laser leads to a characteristic depletion of the cluster beam. The dissociation spectrum of the 1:l complex can be explained by two peaks at 950.8 and 961.6 cm-'. Calculations of minimum energy configurations and band shifts based on an empirical site-site potential show that these frequencies can be attributed to the absorption of two different isomers. They correspond to the two different binding patterns of the H atoms of ethene to the 0 atom of acetone and those of acetone to the C-C group of ethene, respectively. For the 1:2 complex, a large peak at 958.5 cm-' and a smaller one around 940.5 cm-' are found which can be explained in a similar manner by several isomers found in the structure calculations,
I. INTRODUCTION
Spectroscopic investigations of small molecular clusters provide detailed information on interactions between molecules that determine both their microscopic and macroscopic behaviour, including phase transitions, crystal formation, and solvation effects. ' The generation of these weakly bound complexes in supersonic expansions combined with laser spectroscopy is a powerful tool for these studies, since high intensities and low temperatures are provided. In a special class of experiments the absorption of radiation leads to vibrational predissociation which is detected by depletion of the signal.2 A number of systems have been studied in this way, a prominent example being the ethene dimer, an object of intensive theoretical and experimental work.3-g In many of these experiments CO;! lasers are used to dissociate the clusters after excitation of the v7 out of plane symmetric CH2 wagging mode (B,,) of the ethene molecule. Within the resolution limit of l-2 cm -I, only one broad Lorentzian shaped dissociation peak appears in the spectra that exhibits a blue shift of 3 cm-' with respect to the monomer absorption at 949.3 cm-'. This can be explained by the fact that the v7 vibration is not strongly disturbed by the weak van der Waals bond of the dimer. Later on, in high resolution experiments, also much smaller linewidths have been observeda which are not yet fully understood.g
Nearly the same small shifts of 3 cm-' are observed for larger size selected ethene clusters up to a cluster size of .=6."*" An attempt to interpret these results by structure calculations is given in Ref. 12 . In another series of experiments, one of the constituents of the dimer is replaced by various atoms and molecules to investigate how the type of the bond and the number of internal degrees of freedom affects the dissociation behavior. The effect of single rare gas atoms like Kr, AI-, and Ne on the v7 mode was found to be quite small with resulting shifts of Aw< 1 cm-' to the blue. 3 In a later experiment also some additional structure was observed.t3 Such small shifts are to be expected for weak van der Waals bonds with atoms. The quasihydrogen-bonded complexes C2H4-HCl and C2H4-HF, on the other hand, exhibit large blue shifts of 15 and 25.5 cm-', respectively, which result from a strong perturbation of the ethene vibration caused by a T-shaped structure with the hydrogen of the diatom strongly bound to the r-electron cloud of C,H4. l4
In this context we considered it interesting to investigate how another very common solvent molecule, acetone, would influence the ethene v7 vibration. Now an additional possible site arises for the bonding, namely, the interaction of the H atoms of the hydrocarbon C2H4 with the 0 atom of the carbonyl compound (CHs),CO which act as a proton donor and acceptor, respectively. For the related interaction of acetylene with formaldehyde a bridged planar form involving two nonlinear hydrogen bonds was found recently. l5
Here we report the dissociation spectra of two mixed ethene-acetone complexes which we were able to detect and size select in our apparatus. These are C2H4-CH3COCH3 and C,H,(CH,COCH,),, further simply referred to as " 1: 1" and "1:2" complex. It is also the first application of the method of size selection by atom scattering16 with subsequent infrared photodissociation spectroscopy17-1g to heterogeneous clusters. The spectra can be explained best by assuming the existence of different isomers of each cluster. Calculations with an empirical potential support this idea, since several minimum energy configurations are found in each case. A preliminary account of the results already appeared in conference proceedings2'y21 Here, we present, in addition, frequency shift calculations based on perturbation theory. In contrast to our earlier speculations, 2oY21 these calculations predict a large blueshift of 10-20 cm-', if one or two hydrogen atoms of the ethene molecule are bound to the 0 atom of the acetone molecule and a smaller blue shift of 2-3 cm-' for the configuration in which the hydrogen atoms of the acetone are bound to the n--electron cloud of the C-C double bond of ethene. The latter isomer also has a slightly lower bond- To.obtain this gas composition that worked best for our purpose, a 10% mixture of ethene in helium is connected to a steel cylinder containing acetone cooled to 14 "C! to get the appropriate vapor pressure. The beam data are listed in Table I . It is well known that the mass spectrometer is not sufficient to select a certain cluster size from the distribution that is produced in the expansion, since the ionization process leads to fragmentation. That means that every ion mass peak 'contains an unkown amount of fragments of larger parent clusters and only those with masses below the tuned ion mass are excluded from the signal. For this reason we use the scattering by a rare gas beam to discriminate against the larger neutral clusters as follows: With the measured beam velocities and the known masses of the clusters, a maximum elastic scattering angle can be calculated for each cluster size. At a fixed detection angle, all clusters exceeding a certain limiting mass are kinematically excluded. A specific cluster is now isolated by setting the ul detector above the limiting angle of the next larger size and .% tuning the mass filter to a mass higher than that of the next s smaller neutral cluster.16 This procedure works well unless the difference of the limiting angles of adjacent cluster sizes falls below 0.5'. In Table II all possible mixed clusters of ethene and acetone up to m=232 u are listed with their calculated limiting angles. Figure 1 shows a mass spectrum of the scattered cluster beam at a laboratory (lab) angle of 3" at which all clusters with masses larger than 230 u are excluded. By comparison with a mass spectrum of an acetone-helium beam and the well known fragmentation pattern of ethene,24 the observed mass peaks can be assigned as shown in Table III . The only mixed clusters within this mass region that appear on their parent masses are C2H4-CH$OCH, at m=86 u and C2H4-(CH3COCH3), at m= 144 u. Therefore, if we detect them on these masses, contributions of smaller mass combinations as given in Table I are ruled out. To exclude possible fragments from larger clusters, the measurement is carried out at detection angles 1" above the limiting angles of the next larger complex. In this way the 1: 1 complex is detected at 7", 0.8" below its own limiting angle because of a larger signal. For the 1:2 cluster, still sufficiently large signals are found at 5", 0.3" above the elastic scattering limit due to the limited angular resolution. Thus in both cases the experimental conditions are well satisfied for a pure size selection. A cw-CO, laser with an output power of 7 W, corresponding to an average fluence of 21 mJ/cm2 in this arrangement, is coupled collinearly into the scattered beam Assuming a single photon dissociation process, the fraction of dissociated clusters can be expressed corresponding to Beer's law by
where Y is the laser frequency, F the laser fluence, and C(Y) the dissociation cross section. In an approximation based on perturbation theory and Fermi's golden rule, this cross section is given by
with Ii) being the ground state of the complex, If) the vibrationally excited state, and me the product of the transition dipole moment and the laser polarization, describing the infrared absorption process.26 The dissociation rate Id depends on the coupling of the excited state If} to the states of the dissociation continuum Is) of the ground state that is caused by the intermolecular potential V r,=; 1 (+$? 12.
We are aware of the fact that this formula was originally derived for dissociation from a single rovibrational state of a long-lived complex. Since for most of the ethene containing complexes the dissociation spectra could be fitted by a single broad Lorentzian line, we assume that the same mechanism also works for the systems investigated here. It cannot be decided at the moment, at least as long as no high resolution data are available, if the lines are homogeneously broadened or represent an inhomogeneous contribution from an unresolved band structure. The measured dissociation spectra in the 3 pm range in which a high resolution F-center laser is used show that they are apparently dominated by homogenous broadening.5 Based on this background, our discrete depletion spectra are fitted by a sum of Lorentzian lines which represent different isomers. Each of them is characterized by three fitting parameters: the maximum dissociation cross section CT,, the center frequency vo, and the line width l? (FWHM).
Figure 2 displays both the experimental and the fitted spectra of the mixed ethene-acetone clusters. The fitting parameters are listed in Table IV . In both cases it was impossible to fit the spectrum with a single Lorentzian although there is only one ethene molecule present that can absorb infrared radiation in this frequency interval. We do not believe that the CH,irocking mode of acetone whose monomer absorption occurs at 891 cm-l would be blueshifted by nearly 60 cm-' in these clusters, since no dissociation of pure acetone dimers was observed around 950 cm-'. All remaining infrared active acetone vibrations occur at even more distant frequencies. Therefore the only explanation for the two peaks is the existence of isomers of each complex. To investigate this problem more closely, we carried out some structure calculations that are reported in the next section.
IV. STRUCTURE CALCULATIONS
Since the large size of the complexes considered here renders an ab initio calculation too time consuming and expensive, we use the empirical potential EPEN/2 (empirical potential based on the interaction of electrons and nuclei). It was designed by Scheraga and co-workers27 to describe the conformational behavior of a wide range of inorganic and organic molecules. In this model, every molecule is represented by a rigid arrangement of positively charged nuclei, placed at the positions of the atoms, and negatively charged so-called "electrons" that approximately reflect the electron distribution. They also act as centers of non-electrostatic interactions. In this. model the total potential energy is given by The parametrization was optimized by least square fits to spectroscopic, crystallographic, and thermodynamic data. Based on this potential model, a quasi-Newton minimization algorithms was applied to find the minima of the multidimensional energy surface.30 The monomer geometries of acetone and ethene were taken from Refs. 28 and 29, respectively. The position and orientation of each of the rigid molecules were described by six coordinates each, the three components of the center-of-mass displacement vector and three Eulerian angles. Starting from random configurations, several hundred minimization runs were performed for each cluster size. The results are displayed in Figs. 3 and 4 for the two complexes and the corresponding binding energies are given in Table V. For the 1:l compl&$ two different types of isomers appear in which the bonding takes place either between the hydrogen atom(s) of ethene and the 0 atom of acetone or the hydrogen atom(s) of the acetone molecule and the r-electron cloud of ethene. The calculated binding energies of 13.92 and 12.55 kJ/mol lie somewhere between pure van der Waals systems such as (C;H,), (6.9 kJ/mol) (Ref. 12) and strongly hydrogenbonded systems like the acetone dimer (24.3 kJ/mol). A further stable dimer with a binding energy of more than 3 kJ/mol smaller than the most stable one has been found in the calculations. It is probably not present in the cold nozzle beam expansion. However, since we did not perform Monte Carlo or molecular dynamics calculations to simulate the process of thermal averaging occurring for finite temperatures, no precise prediction can be made about the population of these minima at realistic beam temperatures.
The 1:2 complexes have binding energies around 38 kJ/mol which can be rationalized by adding the binding energies of an acetone dimer, which gives in the present potential model 24.3 kJ/mol, and the energy of the acetone-ethene complex of about 14 kJ/mol. Thus the most stable structures essentially look like an acetone dimer with an ethene molecule attached to it. In structure (c) the ethene is in exactly the same position as in the heterogeneous dimer (a), while going from structure (h) to (a) the ethene moves from the outside of the acetone dimer between the two acetone molecules. In (h), one of the H atoms of ethene is bound to an 0 atom of acetone, whereas in (a) an additional bond between the rr cloud of ethene and an H atom of the second acetone molecule occurs. Moreover, configurations like (d) and (f) are found in which two H atoms of ethene are bound to each of the 0 atoms of acetone. In structure (f) the acetone dimer configuration with its two hydrogen bonds is almost lost and kind of cyclic structure of the three molecules results.
V. CALCULATIQN OF FREQUENCY SHIFTS
Based on the minimum energy configurations of the 1:l and 1:2 complexes discussed above, shifts of the fundamental excitation frequency of the v7 mode of the ethene molecule are calculated. We make use of a formula developed by Buckingham to describe the change of the vibrational energy levels of a chromophore under the influence of a solvent environment.31-33 Assuming that the intermolecular potential U is considerably weaker than the intramolecular force field, the former can be treated together with the anharmonic part of the force field as a quantum mechanical perturbation acting on the normal mode vibrations. If we are dealing with heterogeneous clusters containing only one molecule which carries infrared activity in the spectral region under investigation (here C2H4) and if The binding energies are given in Table V . Hydrogen bonds are marked by dashed lines. the mode to be excited is nondegenerate, the formalism of non-degenerate perturbation theory can be applied to second order. The resulting shift of the frequency Vi (measured in wave numbers) of the fundamental excitation of this molecule is given by For symmetric molecules, however, the-scheme of cubic coupling may simplify considerably.33 Because the symmetric CH, wagging v, mode of the ethene molecule transforms according to the irreducible representation BiU, only the constants +/Tj with j = 1,2,3 are nonvanishing. They describe the anharmonic coupling to the three modes of in plane vibration which transform like ~4,. They are estimated using the ab initio calculations of Ref. 34 . Their values indicate that the coupling to the CH stretching and to the CH, scissors motion is extremely small. The only remaining coupling to the CC stretching mode is not of importance here, because there are no strong forces acting on the CC bond for the complexes under investigation. Therefore, the second order contributions to the frequency shifts are neglected completely and the simplified formula ( 5) in which the qj stand for the 3iV-6 dimensionless normal coordinates of an N-atomic molecule and the $iir are the cubic force constants defined in the basis of these coordinates. They describe the coupling between the normal modes i and j. The derivatives of the form NJ/aq denote partial derivatives of the intermolecular potential U with respect to the normal coordinates q. They are taken by keeping the position of the center of mass and the orientation of the molecules constant. When modeling the interaction potential U in a site-site aproximation as is descibed earlier, these derivatives are calculated most easily numerically by stepwise displacing the atomic sites following the motion of the respective normal coordinate. The first expression on the right hand side of Eq. (5) is the first order contribution to the shift: It gives the direct change of the force constant associated with the normal coordinate qi which is caused by the intermolecular binding. The second part of the band shift formula denotes the second order contributions: The summation over all modes j indicates a coupling of all normal modes induced by the off-diagonal cubic force constants $iij. By identifying the expression -aU/aqi with a force acting along the jth normal coordinate, this contribution to the frequency shift can be interpreted as an indirect change of the force constant. (6) is used for the v7 band shift calculations. For more details the interested reader is referred to Ref. 35 . In this way all calculated configurations were investigated using, of course, the same potential function as for the structure calculations. The results are shown in Table V in comparison with the experimental data. They clearly demonstrate that each of the different structural isomers exhibits a different spectral shift so that it should be possible to distinguish them by their spectra.
VI. DISCUSSION
Concerning the generation of mixed ethene-acetone clusters in a molecular beam expansion, a distribution of all possible compositions from pure ethene to pure acetone complexes is expected. In the mass spectra, however, no ions containing more than one ethene molecule appear at the nominal cluster masses. This means that they are either completely fragmented upon ionization or that they are too unstable to be formed in the expansion. The latter can be understood regarding the fact that the binding energy of acetone dimers (24 kJ/mol) exceeds that of the ethene dimer (6.9 kJ/mol) by more than a factor of 3. The structure calculations further suggest that both pure acetone clusters and mixed clusters with one ethene are bound by weak hydrogen bonds rather than by van der Waals forces.
For the 1: 1 complex, the results of the frequency shift calculations agree quite well with the experimental results and strongly support the suggestion to attribute the two observed dissociation peaks to two different isomers as is done in Table V . This is also confirmed by double resonance experiments with two CO2 lasers, in which one laser was tuned to one of the dissociation peaks and the other was used to record the spectrum in the usual way.36 These experiments clearly indicate that the two peaks belong to two different isomers. The calculations provide, in addition, also information on which isomer is responsible for which shift. The mixed dimer with a binding energy of 12.55 kJ/mol, in which the ethene molecule is bound by its q-electron cloud to the H atoms of the acetone is shifted by only 2.6 cm-'. For the other isomer of the heterodimer with 13.92 kJ/mol, a larger shift of 12.0 cm-' occurs, because here one of the H atoms is directly bound to the 0 atom of acetone which strongly hinders the vibrational motion of the excited ethene and thus causes the blueshift.
This shows that the v7 frequency depends more sensitively on the actual cluster geometry than on the strength of the intermolecular bond. Therefore, predictions are quite difficult to make. This can be further illustrated by the fact that the complex C2H4-HF (Ref. 14) shows a blueshift of 25.5 cm-' as opposed to 2.6 cm-' for the mixed ethene-acetone dimer (b), although in both cases the ethene molecule is bound by its r-electron cloud to H atoms. In case of the trimer, the results are a little more complicated. As can be seen in Table V , the five most stable isomers exhibit also different band shifts which range from +3.1 to +21.5 cm-'. The measured dissociation spectrum, however, is dominated by one large peak with a blueshift of 9.2 cm-' and a small peak shifted to the red by more than 8 cm-' . The large peak can be attributed to isomer (c) . There is, however, a larger discrepancy between the calculated frequency of the other isomers and the observed, redshifted small peak in the spectrum. In addition, the peak widths are quite different so that the large peak can also be interpreted in a different way as follows. In order to account for the other calculated isomers, the spectrum was fitted with constraint frequency shifts and band widths of 9 cm-' using the theoretical band centers of Table V. The result is displayed in Fig. 5 . The agreement between measured and calculated points is aside from some points around 985 cm-' at least as good as in the unconstrained fit of Fig. 4 . The result can be interpreted as population analysis of the different isomers in the actual experimental expansion conditions. Isomers (c) and (h) are the most frequent ones (oc=O.88 and 0.96, respectively) followed by a smaller fraction of roughly the same amount of (a) (ac=O.30) as well as the similar structures (d) and (f), centered around a shift of +20 cm- ' (ac=O.26) .37 There is, in addition, the red shifted peak (0,,=0.39) which is not explained in this analysis and which might be caused by another isomer that was not found in the calculations. Perhaps this question could be solved by double resonance experiments or Monte Carlo simulations of the spectra.
The frequency shifts of the different isomers can be qualitatively rationalized by their corresponding structures. As expected, isomer (c) behaves very similar to the dimer (a). The hindered H atom motion of the ethene bound to the 0 atom leads to a blue shift of 12 cm-'. The change of the position of the ethene molecule with respect to the acetone dimer in isomer (h) and (a) leads to a more free motion of the H atoms and a smaller blue shift of 7.1 and 3.1 cm-', respectively. In case of the isomers (d) and ( f) , two H atoms instead of one are involved in the binding to the two 0 atoms of the acetone molecules and, consequently, a larger blue shift of about 20 cm-' is found.
In summary, the coexistence of different isomers has been demonstrated for 1: 1 and 1~2 complexes of ethene and acetone reflecting the different possibilities of hydrogen bonding to the 0 atom of acetone and the r-electron cloud of ethene. This was achieved in a combined effort of vibrational predissociation experiments in the infrared with size selected neutral clusters, structure calculations using sitesite model potentials and calculations of the spectral shifts based on perturbation theory. For the mixed dimer, the two expected isomers are found. In case of the mixed trimers, we have to distinguish between different bonds of the ethene molecule to the acetone dimer which range from that between the rr electrons of ethene and the H atoms of acetone to that between one or two H atoms of ethene and the 0 atom of acetone.
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